Introduction
Critical power (CP), deÞ ned as the highest sustainable rate of aerobic metabolism [ 17 ] , demarcates the heavy and the severe exercise intensity domains [ 16 , 21 , 29 ] , and is conceived as an intensity that can be maintained over time without eliciting ú VO 2max [ 21 ] . The measurement of CP and its related Þ nite quantity of 'anaerobic' energy ( W ), which is a marker of the build-up of fatigue-inducing metabolites to a tolerable limit, has received considerable recent research attention [ 13 , 25 , 29 ] . CP is traditionally estimated via repeated, multiday, exhaustive exercise tests. This arguably reduces its practical utility [ 18 ] . Several authors have investigated the validity of single 'all-out' tests to determine CP [ 8 , 14 , 15 , 29 ] . Given that any exercise bout performed above CP should lead to the gradual expenditure of W', a suciently long all-out exercise bout should lead to the attainment of CP [ 30 ] . Based on evidence that W depletion takes < 60 s [ 2 , 19 ] , Brickley et al. [ 8 ] hypothesized that power output at the end of a 90-s all-out test would be equivalent to CP. However, the Þ nal power output reported by Brickley et al. was signiÞ -as with the Monark ergometer with 3.5 % and 4.5 % of body weight as the set resistance. No agreement between estimates of EP or work done above EP (WEP) values using the Quinton and Monark ergometer were observed. The aim of the present study was to investigate whether EP estimated using the SRM isokinetic mode would provide a reliable estimate of CP.
Methods

Subjects
12 males and 1 female subject (mean ± SD: age 33 ± 7 year, body mass 78 ± 14 kg, height 1.79 ± 0.09 m, Maximal Aerobic Power (MAP) 345 ± 54 W, ú VO 2max 5.18 ± 0.87 L · min − 1 ) participated in this study. All volunteers were competitive road cyclists with a minimum of 2 years' experience. Subjects refrained from heavy exercise in the 24 h prior to all tests and from food intake in the 3 h prior to all tests. The study was conducted in accordance with the ethical standards of the International Journal of Sports Medicine [ 20 ] and approved by the University Ethics Committee of the host institution. Prior to providing written informed consent and participation, cyclists were fully informed of the nature and risks of the study. Exercise testing was conducted on an electronically braked SRM cycle ergometer (Schober Rad Messtechnik, Jülich, Germany). Subjects visited the laboratory 7 times. During visit 1, subjects completed an incremental test to determine ú VO 2max and MAP, as well as a 3-min all-out test for familiarization. In visits 2-7 subjects completed 3 constant work rate trials and three 3-min trials randomly assigned. A standard warm-up of 5-min at 100 W followed by 5-min passive rest and 3-min of unloaded cycling [ 9 ] was used prior to each trial. During tests the investigator provided consistent and strong verbal encouragement. A post-test blood lactate concentration of ≥ 8 mmol · l − 1 or heart rate (HR) within 10 beats of age-predicted HR maximum was taken as an indicator for attainment of ú VO 2max and accepted as a successful test [ 6 ] . All visits were separated by a minimum of 24 h and were completed within a maximum period of 21 days. Each subject completed each of their 7 tests at the same time of day.
Protocol
Maximal oxygen uptake test protocol
The incremental VO 2max test was initiated at a work rate of 150 W. Thereafter, work rate increased by 20 W · min − 1 . Subjects were instructed to maintain their preferred cadence throughout the trial. The trials were terminated when cadence fell by more than 10 rpm for more than 10 s. Pulmonary gas exchange was measured breath-by-breath. Subjects wore a facemask (Hand Rudolph, MO) and breathed through a mouthpiece and impeller turbine assembly. Before each test, the gas analyser (MetaMax 3B, Cortex Biophysik, Leipzig, Germany) was calibrated according to the manufacturer's guidelines. ú VO 2max was recorded as the highest mean oxygen consumption over a 30-s period, while MAP was recorded as the mean power output during this same period.
Critical Power cycling tests
CP was estimated from 3 constant work rate tests at power equivalent to 80 %, 100 % and 105 % MAP. Each trial was estimated to yield times to exhaustion between 2-15 min [ 21 ] . Subjects were instructed to sustain the power output at their preferred cadence for as long as possible. Tests were terminated when cadence fell by more than 10 rpm − 1 for more than 5 s [ 30 ] . 
3-min all-out cycling tests
During the 3-min test the resistance on the pedals was provided by the SRM ergometer in isokinetic mode, and cadence was therefore maintained at the subjects' preferred level throughout. Subjects were instructed to attain peak power as quickly as possible from the start, and to maintain maximum power throughout the 3 min. 
Statistical analysis
Data were examined using the Shapiro-Wilks' normality test. Coe cients of variation (CoV) were derived from log-transformed data [ 23 ] . 95 % conÞ dence intervals were calculated for each CoV. Repeated measures ANOVA was used to test for signiÞ cant di erences between 3-min trial 1 and trial 2 and between trial 2 and trial 3. Consistent with Vanhatalo et al. [ 30 ] , agreement between EP and CP1, WEP and W 1, EP and CP2 and WEP and W 2 for both models was assessed using a paired-samples t -test and limits of agreement (LoA) [ 1 , 7 ] . Relationships were assessed using Pearson product moment correlation coef-Þ cients. Additionally, linear regression was used to calculate values for Standard Error of Estimates (SEE) to estimate error associated with predicting EP and WEP values. Statistical signiÞ -cance was accepted at P < 0.05. Results are reported as mean ± SD unless otherwise stated. Fig. 2d ; 0.89*/ ÷ 1.14 as a ratio). The correlation coe cient for EP and CP1 was r = 0.89, P ≤ 0.001 ( Fig. 2a ) and for EP and CP2 r = 0.90, P ≤ 0.001 ( Fig. 2b ) Fig. 3d ; 0.73 */ ÷ 1.93 as a ratio). The correlation coe cient for WEP and W 1 was r = 0.43, P = 0.14 and for WEP and W 2 r = 0.48, P = 0.10 ( Fig. 3a, b ) . The SEE value for the linear relationship between W' 1 and WEP resulted in 4.5 kJ, CL (3.37-6.98) with an average error prediction of 24.2 % and for W' 2 and WEP it was 4.37 kJ, CL (3.27-6.78) with an average prediction error of 26.3 %.
Results
ANOVA indicated no signiÞ cant di erences in EP between
Discussion
The results presented above suggest that a 3-min all-out cycling test using the SRM isokinetic mode does not provide a valid measure of CP. SpeciÞ cally, the mean power output during the Þ nal 30 s of the 3-min all-out test appears to be signiÞ cantly higher than estimates of CP derived from both work-time and power − 1 /time models. The 3-min test also appears to underestimate the 'anaerobic' parameter of the CP model (i. e., W ). The results presented above also suggest that the 3-min all-out test is a reliable measure of EP when studying a trained athletic population. A 5 % coe cient of variation (CV) has been cited as an acceptable upper limit in sports science reliability studies [ 23 ] . Given that the CV values observed were below this boundary of 5 %, the EP from a 3-min all-out cycling test can be considered to be reliable. In fact, Burnley et al. [ 9 ] suggested that EP is a reproducible measure when reporting a coe cient of variation (typical error as a percentage of the mean) only a little lower than that reported here (3 % vs. ~ 4.9 %). Johnson et al. [ 24 ] reported a CV of 6.7 % for the 3-min all-out EP results, and even given this accepted the test as reliable. However, caution should be taken as such a level of variation is unlikely to be acceptable when evaluating the relatively small training-induced changes seen in welltrained athletes [ 27 ] . Such a conclusion is supported by limits of agreement analyses which suggest that, with an approximate 95 % probability, the di erences between the test and retest of EP in a well-trained cyclist will lie between − 40 W and + 36 W. Assuming that the bias is negligible, ratio limits of agreement suggest that, between any 2 tests, EP will di er by as much as 14 % in a positive or negative direction. Using a magnitude-based analysis, Paton and Hopkins [ 28 ] identiÞ ed that a change of 1.7 % in performance impacts the chances of an elite road time trial cyclist winning an event. With an average SEE value for EP-CP 1 and EP-CP 2 of 7.7 % and 6.6 %, respectively, the discrepancy between the 2 measurement methods in the present study would therefore result in substantial performance di erences. In a heterogeneous group of cyclists, runners and Þ tness trained subjects, Vanhatalo et al. [ 30 ] reported no di erences between EP (287 ± 55 W) and CP (287 ± 56 W). In contrast, in the present study EP was signiÞ cantly higher than CP1 and CP2 (37 W and 31 W respectively). Several factors might explain this lack of agreement. First, it is possible that the use of 3 constant work 11.96 ± 6.55). Secondly, as pulmonary gases were not recorded during the 3-min all-out tests, it might be suggested that we did not meet all 3 conditions outlined by Jones et al. [ 25 ] for the attainment of a successful 3-min test (i. e., that subjects did not reach su ciently high intensity). However, the post-test lactate concentrations (12.3 ± 3.8 mmol · L − 1 ) were higher than those reported by Vanhatalo et al. [ 30 ] (10.2 ± 2.2 mmol · L − 1 ). Given that all subjects also reached values within 10 beats per minute of their age-predicted maximal heart rates, we are conÞ dent that subjects did perform at an appropriate intensity. Furthermore, the group mean power proÞ le suggests both the very high intensities achieved during the Þ rst 60 s of the all-out trials and the subsequent plateau, both of which are vital to the proposed e cacy of the 3-min test ( Fig. 4 ) . It is also possible that the discrepancy between the present results and those of Vanhatalo et al. [ 30 ] relate to the use of different ergometers. The isokinetic mode of the SRM allows the cyclist to maintain a Þ xed cadence while the resistance adapts to any change in pedal force. In contrast, in the linear mode of the Lode the applied resistance is cadence-dependent, and in the early stages of the 3-min test, the high power output necessitates a very high cadence. As a subjects' ability to produce power declines, so too does cadence. In order to ensure that cadence does not fall to unacceptably low levels, the researcher must adjust the Lode's power/cadence settings. This is done by adjusting the 'linear factor' in the equation Power = *RPM 2 . To date, researchers have adjusted the linear factor such that preferred cadence is reached at GET + 0.5*( ú VO 2max -GET) (i. e., 50 % ), where GET is the gas exchange threshold. Given that 50 % is very close to CP (46.7 % in Vanhatalo et al. [ 30 ] ), it is possible that the use of a Lode ergometer biases the 3-min all-out test towards an End Power close to GET and therefore to CP. Estimates for EP, CP1 and CP2 reported in the present study may have been inß uenced by the selection of subjects. While previous studies [ 2 , 9 , 30 ] utilized a range of athlete abilities, the present study was conducted on a relatively homogeneous sample of trained cyclists. This suggests that subjects in the present study, who are accustomed to high-intensity cycling performances, may have been better able to sustain their 3-min e ort to ensure that W was not depleted. Mean W 1 (18.3 kJ) and mean W 2 (16.6 kJ) were also higher than in the subject group investigated by Vanhatalo et al. [ 30 ] (16 kJ). It is possible that subjects with a higher W take longer to fully expend W than those with a smaller W using the isokinetic mode, a mode in which resistance is modulated according to fatigue level while maintaining cadence. This might suggest the need for an all-out test longer than 3 min. However, this does not appear to be supported by the power proÞ le in the present study, in which power declined towards a relative plateau over a similar time course to that described by Vanhatalo et al. [ 30 ] . Bergstrom et al. [ 5 ] recently reported 150 s EP derived from a similar method as the 3-min test using a Lode ergometer and which did not signiÞ cantly di er from EP observed in the original 180 s test duration. While it is not clear whether or not W describes a true 'anaerobic work capacity' [ 13 ] , if valid, the 3-min test would nevertheless provide a valuable tool for the assessment of this parameter. However, the data reported in the present study suggest that the anaerobic parameters derived from the 3-min test signiÞ cantly underestimate W . This supports Vanhatalo et al. [ 30 ] who reported a WEP markedly below W in 6 of 10 subjects. Vanhatalo et al. [ 30 ] suggested that the discrepancy might be the result of di erent acceleration proÞ les of the ß ywheel during all-out and constant work rate exercise when using the Lode ergometer. The suggestion is supported by the results in the present study as the SRM ergometer uses ß ywheel technology similar to the Lode ergometer. The generalization of the CP concept to all-out exercise is dependent upon the capacity of the all-out trial to fully deplete W . Despite satisfying the requirements of the 3-min test [ 25 ] , it might be possible that the present subjects were unable to fully deplete W . This is surprising given that a maximal accumulated oxygen deÞ cit has been demonstrated following 60-90 s of allout exercise [ 18 , 33 ] . Such observations led Brickley et al. [ 8 ] and Dekerle et al. [ 15 ] to evaluate whether a 90-s all-out test could estimate CP in adults and children, respectively. As in the present study, testing was conducted on an SRM ergometer using the isokinetic mode, and EP was signiÞ cantly higher than CP. Despite a plateau being apparent in the Þ nal 10 s of the 90-s test, Dekerle et al. [ 15 ] suggested that power output continues to decline at the end of the test. This led to the hypothesis that a test of longer duration would allow CP to be attained [ 8 ] . The hypothesis is refuted by the observation that the results of the current investigation agree so closely with those obtained when using the 90-s test to derive CP. Following the protocol proposed by Vanhatalo et al. [ 30 ] while using an isokinetic mode might explain di erent outcomes between EP and CP1/CP2. To investigate the robustness of the 3-min all-out test, Vanhatalo et al. [ 31 ] manipulated the ß ywheel resistance for subjects to achieve EP cadences which were ± 10 rev · min − 1 di erent from the original investigation.
The authors reported no di erences in EP for reduced cadence values and a reduced EP when applying a higher cadence strategy. Consistent with the standard protocol, subjects in the present study applied their preferred cadence throughout testing but on average had a higher cadence (95 ± 8 rev · min − 1 ) when compared to Vanhatalo et al. [ 29 ] (88 ± 6 rev · min − 1 ). The standard all-out protocol [ 30 ] requires subjects to adopt their preferred cadence, but the standard test conditions can be sensitive to minor variations in the ergometer resistance settings. Carnevale and Gaesser [ 11 ] as well as Barker et al. [ 3 ] investigated the impact of pedalling speed on the power-duration relationship. Both studies reported a lower CP and an una ected W when employing a high (100 rev · min − 1 ) vs. a low (60 rev · min − 1 )
cadence strategy. The di erences in cadence between the present study and Vanhatalo et al. [ 30 ] could be partly responsible for the observed discrepancies between EP and CP1/CP2.
Conclusion
T h e Þ ndings of the present study suggest that it may not be possible to generalize the CP concept for use on all ergometer models or modes. The 'aerobic' (EP) and 'anaerobic' ( W ) parameters derived from 3-min all-out cycle test are signiÞ cantly di erent to the 'aerobic' and 'anaerobic' parameters derived from the standard work-time and power − 1 /time CP model. Using only cyclists with a preferred cadence ≥ 90 rev · min − 1 , or validation studies using rowing, self-powered treadmill ergometers, or track running or cycling might shed some further light on the di erent outcomes of our study.
